Sphingosine 1-phosphate (S1P) is the ligand for a family of specific G protein-coupled receptors (GPCRs) that regulate a wide variety of important cellular functions, including growth, survival, cytoskeletal rearrangements, and cell motility. However, whether it also has an intracellular function is still a matter of great debate. Overexpression of sphingosine kinase type 1, which generated S1P, induced extensive stress fibers and impaired formation of the Src-focal adhesion kinase signaling complex, with consequent aberrant focal adhesion turnover, leading to inhibition of cell locomotion. We have dissected biological responses dependent on intracellular S1P from those that are receptor-mediated by specifically blocking signaling of G␣ q , G␣ i , G␣ 12/13 , and G␤␥ subunits, the G proteins that S1P receptors (S1PRs) couple to and signal through. We found that intracellular S1P signaled "inside out" through its cell-surface receptors linked to G 12/13 -mediated stress fiber formation, important for cell motility. Remarkably, cell growth stimulation and suppression of apoptosis by endogenous S1P were independent of GPCRs and inside-out signaling. Using fibroblasts from embryonic mice devoid of functional S1PRs, we also demonstrated that, in contrast to exogenous S1P, intracellular S1P formed by overexpression of sphingosine kinase type 1 promoted growth and survival independent of its GPCRs. Hence, exogenous and intracellularly generated S1Ps affect cell growth and survival by divergent pathways. Our results demonstrate a receptor-independent intracellular function of S1P, reminiscent of its action in yeast cells that lack S1PRs.
Sphingosine 1-phosphate (S1P), 1 a sphingolipid metabolite found in organisms as diverse as plants, yeast, worms, flies, and mammals, has been linked to a wide spectrum of biological processes, among which cell growth, survival, and motility are prominent (1, 2) . S1P is formed by sphingosine kinase (SphK), a highly conserved enzyme that is activated by numerous stimuli (1, 3) .
The most well known actions of S1P are mediated by binding to a family of specific G protein-coupled receptors (GPCRs). To date, five members, EDG-1/S1P 1 , EDG-5/S1P 2 , EDG-3/S1P 3 , EDG-6/S1P 4 , and EDG-8/S1P 5 , have been identified (1, 2, 4, 5) . S1P receptors (S1PRs) are differentially expressed; coupled to a variety of G proteins; and regulate angiogenesis, vascular maturation, cardiac development, neuronal survival, and immunity (1, 2, 4) . In particular, S1PRs have been shown to play critical roles in cell migration (6 -10) . Activation of S1P 1 or S1P 3 by S1P in many cell types increases directional or chemotactic migration (6, 8, 10 -12) , whereas binding to S1P 2 abolishes chemotaxis and membrane ruffling (13) .
Downstream of heterotrimeric G proteins, the S1PRs regulate tyrosine kinases such as focal adhesion kinase (FAK) and Src, which reside in focal adhesions, and the small GTPases of the Rho family that are important for cytoskeletal rearrangements (14) . Whereas binding of S1P to S1P 1 mediates cortical actin assembly and Rac activation (8, 15) , binding to S1P 2 and S1P 3 induces stress fiber formation and activation of Rho, and S1P 2 negatively regulates Rac activity (13) , thereby inhibiting cell migration. In contrast, increasing intracellular levels of S1P in human breast cancer cells inhibits cell motility, leading us to suggest a possible role for intracellular S1P in inhibiting cell motility independent of its receptors (16) . Moreover, other studies further support the notion that S1P also has second messenger functions important for calcium homeostasis (17, 18) , cell growth (19 -21) , and suppression of apoptosis (22) (23) (24) . In addition, expression of SphK1 in NIH 3T3 fibroblasts elevates intracellular levels of S1P, expedites the G 1 /S transition, and protects against apoptosis (21) and enhances tumor formation in mice (25, 26) . Because the involvement of S1PRs in these responses has not been conclusively ruled out and because intracellular targets of S1P have not yet been identified, whether S1P has direct intracellular effects remains controversial. Dissection of the intra-and extracellular actions of S1P is further complicated by the observation that binding of S1P to its receptors can stimulate SphK and generation of intracellular S1P (27) . Conversely, binding of the platelet-derived growth factor (PDGF) to the PDGF receptor (PDGFR) activates and recruits SphK1 to the cell's leading edge (28) , producing S1P, which spatially and temporally stimulates S1P 1 in an autocrine or paracrine manner (29) that results in activation and integration of downstream signals essential for cell locomotion (28, 29) . Moreover, tethering of the PDGFR with S1P 1 may provide a platform for integrative signaling by these two types of receptors (30) . On the other hand, S1P can specifically be transported into cells by the cystic fibrosis transmembrane regulator, a member of the ATP-binding cassette transporter family (31) , which could serve to terminate signaling through the S1PRs (31) or initiate a second wave of signals acting inside the cells, making the S1P second messenger concept even more tenuous.
In this study, we examined the effects of overexpression of SphK1 and elevated intracellular S1P while simultaneously blocking signaling of the heterotrimeric G proteins that S1PRs couple to and signal through, to dissect biological functions dependent on intracellular S1P from those mediated by S1PRs. Whereas SphK1 overexpression stimulated "inside-out" signaling leading to cytoskeleton rearrangement and stress fiber formation mediated by a S1PR coupled to G␣ 12/13 , SphK1-promoted growth and survival were independent of S1PR signaling. Our results clearly demonstrate a receptor-independent intracellular function of S1P, reminiscent of its action in yeast and plants that lack S1PRs.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfections-NIH 3T3 fibroblasts (American Type Culture Collection CRL-1658) stably transfected with pcDNA3-SphK1 or empty vector were cultured as described previously (32) . For transient transfections, NIH 3T3 fibroblasts were plated on collagencoated dishes or coverslips and, after 16 h, transfected using LipofectAMINE Plus (Invitrogen) according to the manufacturer's instructions. Transfection efficiencies were 30 -40%.
Mouse embryonic fibroblasts (MEFs) were derived from embryonic day 14 embryos generated by wild-type or double knockout intercrosses of C57BL/6N mice as described previously (33) . MEFs were cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum and antibiotics. Only cells from passages 2 to 4 were used for experiments.
Chemotactic Motility-Boyden chamber chemotaxis assays were carried out exactly as described previously (28, 34) .
Adhesion Assay-Six-well plates were coated with collagen I (0.1 mg/ml), fibronectin (0.5 mg/ml), polylysine (0.1 mg/ml), or Matrigel (1:10 dilution) and then incubated with 3% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 30 min to block nonspecific binding sites, followed by extensive PBS washes. NIH 3T3 fibroblasts, harvested by scraping in PBS and 10 mM EDTA, were resuspended in Dulbecco's modified Eagle's medium and 3% BSA at 1 ϫ 10 5 cells/ml. 2 ϫ 10 5 cells were added to each well and then incubated at 37°C for the indicated times. Nonadherent cells were removed, and attached cells were fixed in 70% ethanol for 20 min and stained with crystal violet. Incorporated dye was dissolved in 0.1 M sodium citrate in 50% ethanol (pH 4.2), and the absorbance was measured at 540 nm (34) .
Western Blotting and Immunoprecipitation-Cells were plated in 100-mm dishes coated with 50 g/ml collagen at 1.4 ϫ 10 6 cells/dish. After the indicated treatments, cells were lysed for 10 min in buffer A (50 mM HEPES (pH 7.4), 1% Triton X-100, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 2 mM orthovanadate, 4 mM sodium pyrophosphate, 100 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, and 10 g/ml aprotinin) and scraped off the plates. After centrifugation of the cell lysates for 15 min at 10,000 ϫ g, equal amounts of the Triton X-100-insoluble and -soluble fractions were separated by 7 and 10% SDS-PAGE, respectively, and then transblotted onto nitrocellulose. Antibodies to paxillin and FAK (BD Transduction Laboratories, Lexington, KY); pan-c-Src (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); phospho- For immunoprecipitation studies, cells were lysed in buffer A containing 0.5% deoxycholate and 0.1% SDS. 400 g of the clarified lysates were incubated with 1-2 g of anti-paxillin or anti-pan-Src antibodies at 4°C overnight and then with protein A/G-Sepharose beads (Santa Cruz Biotechnology, Inc.) for an additional 1 h to capture immunocomplexes. After pelleting and washing by brief spins at 10,000 ϫ g, the beads were resuspended in 2ϫ sample buffer, and proteins were resolved by SDS-PAGE.
Immunostaining-Cells grown on glass coverslips coated with collagen I (50 g/ml) were incubated overnight in Dulbecco's modified Eagle's medium supplemented with 2 g/ml transferrin and 20 g/ml BSA. After treatment, cells were washed with PBS, fixed in 1.8% formalin and 0.1% Triton X-100 for 30 min, and then permeabilized with 0.5% Triton X-100 for 10 min. Actin filaments were visualized with Alexa 488-conjugated phalloidin (Molecular Probes, Inc., Eugene, OR), and focal complexes were visualized with antibody to paxillin, followed by staining with Texas Red-conjugated secondary antibody. After washing three times with PBS, coverslips were mounted on slides using an anti-fade kit (Molecular Probes, Inc.), and Ͼ80 cells were examined with a confocal laser scanning microscope (Olympus Fluoview). All experiments were repeated at least three times.
Rho Activation-Cytosolic extracts were incubated with freshly prepared glutathione S-transferase-rhotekin fusion protein bound to glutathione-agarose beads for 30 min at 4°C. The bound proteins were separated by 15% SDS-PAGE, transferred to nitrocellulose, and blotted with anti-Rho antibody (Santa Cruz Biotechnology, Inc.). GTP-Rho was quantified using NIH Image software and normalized with total cellular Rho.
Incorporation of Bromodeoxyuridine-Cells were plated on collagencoated 5-cm 2 coverslips at 2 ϫ 10 5 cells and transfected the next day with the various constructs at a 5:1 ratio with green fluorescent protein (GFP). 24 h after transfection, NIH 3T3 cells were serum-starved in Dulbecco's modified Eagle's medium supplemented with 2 g/ml transferrin and 20 g/ml BSA for 8 h and then stimulated with various agents. Cells were incubated for 3 h with bromodeoxyuridine (BrdUrd; 10 M) and fixed in 4% paraformaldehyde containing 5% sucrose (pH 7.0) for 20 min at room temperature. Nuclei incorporating BrdUrd were stained exactly as described (21) . Coverslips were mounted on slides, and cells expressing GFP and cells with positive BrdUrd staining were counted using a Zeiss fluorescence microscope. At least 400 cells were scored per point, which included at least four different randomly chosen fields.
Staining of Apoptotic Nuclei-Apoptosis was assessed by staining cells with 8 g/ml Hoechst dye in 30% glycerol and PBS for 10 min at room temperature as described previously (21) . Cells expressing GFP were examined with an inverted fluorescence microscope, and apoptotic cells were distinguished by condensed fragmented nuclear regions. The percentage of intact and apoptotic nuclei in cells expressing GFP fluorescence was determined. A minimum of 500 cells were scored in a double-blind manner.
DNA Synthesis-[
3 H]Thymidine incorporation into DNA was measured as described (21) . Values are the means of triplicate determinations, and S.D. values were routinely Ͻ10% of the mean.
RESULTS

SphK Inhibits Cell Motility toward PDGF and Serum without Affecting Cell Adhesion or PDGFR Signaling through the MAPK Family-
We have recently shown that PDGF-induced chemotaxis requires SphK stimulation, S1P formation, and consequent transactivation of S1P 1 (28, 29) . In contrast, SphK1 overexpression and concomitant increased S1P levels inhibit the motility of MCF-7 and MDA-MB-231 human breast cancer cells, which do not express S1P 1 (16) . The inside-out signaling by S1P, whereby its intracellular generation can lead to activation of S1PRs (29, 35) , prompted us to reinvestigate the roles of S1PRs in PDGF-induced chemotaxis. Similar to human breast cancer cells (16) , overexpression of SphK1 in NIH 3T3 fibroblasts, which do express S1P 1 , markedly reduced chemotactic responses toward PDGF and serum (Fig. 1A) . It is possible that this could result from altered adhesion to the collagen I matrix, which coated the filters utilized in the Boyden chamber assay. However, overexpression of SphK1 had no sig-nificant effects on the adhesiveness of cells to collagen (Fig. 1 , B and C) or even to fibronectin, Matrigel, or polylysine (Fig.  1C ). Cellular responses induced by PDGF, including chemotaxis, are initiated by activation and tyrosine phosphorylation of PDGFR, and this also was not affected by SphK1 overexpression (Fig. 1D) . Moreover, activation of MAPK family members, in particular ERK1/2 and p38, which have been implicated in PDGF-mediated chemotaxis (36), was not reduced by overexpression of SphK1, whereas SAPK1/JNK was not stimulated by PDGF (Fig. 1D) . These results suggest that the decreased motility is not due to a general impairment of PDGFR signaling.
Expression of SphK1 Enhances Formation of Stress Fibers and Focal
Adhesions-We next examined by histochemistry whether SphK1 influences the architecture of the actin cytoskeleton by phalloidin staining of actin filaments and using antibodies to focal adhesion components. In agreement with other studies (14, 37, 38) , in the absence of PDGF, vectortransfected cells had few thin actin filaments in the cell body, and only sparse small focal points at the cell periphery were detected with antibody against paxillin (Fig. 2C ) or vinculin (data not shown). In contrast, even in the absence of PDGF, 3T3 cells expressing SphK1 had numerous stress fibers and Each determination is the average of three random microscope fields. B and C, attachment of cells to collagen I-coated plates or to fibronectin-, polylysine-, and Matrigel-coated plates, respectively, was determined as described under "Experimental Procedures." D, shown is the effect of SphK1 on PDGF-induced tyrosine phosphorylation of the PDGFR and activation of ERK, p38, and JNK. Cells stably transfected with vector or SphK1 were plated on collagen-coated dishes and treated without or with PDGF-BB (4 ng/ml) for 5 min. Cell lysates were immunoprecipitated with anti-PDGFR antibody, and the immunoprecipitates were analyzed by Western blotting using anti-phosphotyrosine or anti-PDGFR antibody. Cell lysates (20 g) were also analyzed by Western blotting using phospho-specific anti-ERK1/2, anti-p38, and anti-JNK antibodies. Blots were stripped and reprobed with anti-Src or anti-JNK antibody to show equal loading.
focal adhesions (Fig. 2, E and G) that resembled those formed after PDGF stimulation (Fig. 2, B and D) . Addition of PDGF to SphK1 transfectants did not further enhance stress fiber or focal adhesion formation (Fig. 2, F and H) . These cytoskeletal rearrangements were mediated by increased formation of S1P, as the stress fibers in SphK1-expressing cells were completely eliminated by the SphK inhibitor N,N-dimethylsphingosine.
It is well established that Rho triggers formation of contractile stress fibers and focal adhesion complexes (39) . Expression of SphK1 increased the cellular amount of the GTP-bound active form of Rho (Fig. 3A) . In agreement with the established link between PDGF-mediated receptor stimulation and the Rho family of GTPases (40, 41) , PDGF induced transient activation of Rac (data not shown) and rapid inactivation of Rho (Fig. 3A) , which was blunted by SphK1.
Hyperphosphorylation of Src and FAK and Translocation of Paxillin and Vinculin to Focal Adhesions in SphK1
Transfectants-FAK and the Src family protein-tyrosine kinases (Src, Yes, and Fyn; hereafter referred to as Src) have been implicated in the organization and turnover of focal adhesions (42, 43) . In agreement, PDGF rapidly increased phosphorylation of cytoskeleton-associated FAK at Tyr 577 , which is located in the kinase catalytic domain and is required for maximal activity, whereas in SphK1 transfectants, PDGF had no effect, and Tyr 577 appeared to be constitutively hyperphosphorylated (Fig.  3B) . PDGF also induced activation of cytoskeleton-associated Src, as determined with an antibody specific for Src phosphorylated at Tyr 418 , an autophosphorylation site located in its catalytic domain required for full activity. By contrast, basal Src activation was higher, and PDGF did not further increase its phosphorylation in SphK1 transfectants (Fig. 3B) . SphK1 also increased phosphorylation of FAK at its autophosphoryl- (43) , and PDGF had no further effect (data not shown).
FAK and Src function as part of a large cytoskeleton-associated network of signaling proteins, including paxillin and vinculin, a structural protein of focal adhesions that links talin and actin (44) . In vector transfectants, PDGF rapidly induced translocation of vinculin and paxillin to the cytoskeleton-associated, Triton X-100-insoluble fraction containing the focal adhesion complexes (Fig. 3B) . Their levels appeared to be enhanced in SphK1-overexpressing cells and were not further altered by PDGF (Fig. 3B) . Tyrosine phosphorylation of paxillin by FAK is important for focal adhesion formation (44) ; and in agreement, paxillin was constitutively hyperphosphorylated in SphK1-expressing cells (Fig. 3C) .
Upon recruitment of Src to FAK Tyr 397 , active Src phosphorylates FAK at Tyr 577 , enhancing its activity. The Src-FAKlinked activities subsequently promote focal adhesion dissociation and degradation of FAK, leading to turnover of focal adhesions, required for cell motility (45, 46) . In control cells, PDGF induced a transient increase in Src-FAK complex formation with a corresponding increase in FAK phospho-Tyr 577 at 10 min, which rapidly decreased thereafter (Fig. 3D ). By contrast, in cells expressing SphK1, Src was associated with FAK even in the absence of PDGF. This complex and the association of Src with hyperphosphorylated FAK remained intact even 30 min after treatment with PDGF (Fig. 3D) .
G 12/13 Is Necessary for SphK1-induced Stress Fiber Formation-Because activation of S1PRs coupled to G 12/13 induces Rho activation and stress fiber formation (11, 13), we examined the role of G proteins in stress fiber formation induced by SphK1. To this end, cells were transfected with the GFP-tagged PDZ-RGS (regulator of G protein signaling) domain of the PDZ domain-containing Rho guanine exchange factor (PDZ-Rho-GEF), which acts as a dominant-negative for G 12/13 -induced activation of Rho (47) . The PDZ-RGS domain has the RGS domain responsible for the binding of PDZ-RhoGEF to G␣ 12 or G␣ 13 , but lacks the Dbl homology/pleckstrin homology domain of PDZ-RhoGEF required for the conversion of GDP-bound Rho into GTP-bound Rho, the active form of Rho. This construct inhibits the activation of the serum response element by lysophosphatidic acid and thrombin receptors (48) . In agreement, the GFP-tagged PDZ-RGS domain completely blocked the formation of stress fibers induced by S1P or lysophosphatidic acid (Fig. 4, g-j) . Notably, it also totally eliminated stress fibers in SphK1-overexpressing cells (Fig. 4, c-f ), whereas transfection of these cells with GFP alone did not have any effect on the architecture of stress fibers induced by SphK1 (Fig. 4, a and b) . Nevertheless, transient expression of RGS3CT, with a truncated N terminus that stimulates the GTPase activity of G i and G q proteins, resulting in their inactivation (49) , had no effect on stress fibers induced by SphK1 (Fig. 5, a and b) . Similarly, pertussis toxin, which inactivates G i , also did not reduce stress fiber formation in SphK1 transfectants (data not shown). These results suggest that G 12/13 (but not G i or G q ) is involved in SphK1-induced stress fiber formation.
To further substantiate the involvement of S1PRs in cytoskeletal rearrangements, cells were transfected with G protein-coupled receptor kinase-2 (GRK2), a GRK family member that phosphorylates agonist-activated GPCRs, including S1PRs (50), thereby leading to a desensitization of G proteinlinked signaling. FLAG-tagged GRK2 blocked formation of stress fibers induced by S1P (Fig. 5, g and h) without affecting those induced by lysophosphatidic acid (Fig. 5, i and j) . This also indicates that the effects of GRK2 are specific and unlikely due to a direct effect on the cytoskeleton (51). GRK2 likewise abolished SphK1-induced stress fiber formation (Fig. 5, c-f) . Collectively, these data suggest that enforced expression of SphK1, which increases intracellular S1P, activates a S1PR coupled to heterotrimeric G␣ 12/13 , which in turn leads to activation of Rho and stress fiber formation.
SphK1-induced Cell Proliferation and Survival
Are Independent of GPCR Activation-Although a few studies have suggested that proliferation and suppression of apoptosis by S1P are mediated via intracellular actions, many others have argued for the involvement of S1PRs, making this a controversial area (reviewed in Ref. 4) . Although the GFP-tagged PDZ-RGS domain totally blocked stress fiber formation induced by SphK1 expression (Fig. 5, c-f) , this dominant-negative RhoGEF g and h) , or 100 nM lysophosphatidic acid (LPA; i and j). Cells were fixed and permeabilized, and actin filaments were stained using Texas Red-labeled phalloidin (a, c, e, g, and i). Cells expressing GFP (b) or GFP-PDZ-RGS (d, f, h, and j) are shown. GFP-PDZ-RGS totally eliminated stress fibers in 95% of the SphK1-overexpressing cells, whereas transfection with GFP had no noticeable effect.
FIG. 5. Expression of GRK2 (but not RGS3CT
) prevents stress fiber formation induced by SphK1 and S1P. NIH 3T3 cells stably transfected with SphK1 (a-f) or empty vector (g-j) were plated on collagen-coated coverslips and transiently transfected with GFP and RGS3CT at a ratio of 1:5 (a and b) or with FLAG-GRK2 (c-j). After 24 h, cells were serum-starved for 16 h and treated with vehicle (a-f), 200 nM S1P (g and h), or 100 nM lysophosphatidic acid (i and j). Actin filaments were stained with Texas Red-labeled phalloidin (a) or fluorescein isothiocyanate-labeled phalloidin (c, e, g, and i). Cells expressing GFP-RGS3CT (b) or FLAG-GRK2 (d, f, h, and j) were visualized with anti-FLAG antibody followed by Texas Red-conjugated secondary antibody. In 43 and 50% of the SphK1-overexpressing cells examined, FLAG-GRK2 totally and markedly, respectively, reduced stress fibers. In contrast, neither empty FLAG vector nor GFP-RGS3CT had discernable effects. All images were obtained with a confocal fluorescence microscope.
did not have a significant effect on SphK1-induced proliferation either in the absence of serum or after stimulation with PDGF as measured by BrdUrd incorporation into nascent DNA in the transfected cells (Fig. 6A) . It should be noted that the growth advantage of SphK1 is more pronounced in the presence of low concentrations of serum or when insulin is added to serum-free medium (21) .
In agreement with previous studies (21, 24) , overexpression of SphK1 markedly reduced serum deprivation-induced apoptosis by 50%, as determined by shrinkage and condensation of nuclei (Fig. 7) . GFP-PDZ-RGS did not abrogate this cytoprotective effect. Thus, although G 12/13 is important for cytoskeletal reorganization and stress fiber formation induced by SphK1, this G protein does not seem to be involved in its proliferative and survival responses. However, this does not exclude other ␣ subunits of heterotrimeric G proteins downstream of S1PRs that have been shown to be important transducers of mitogenic signals (52, 53) . Nevertheless, transfection with RGS3CT to inhibit signaling through G␣ q and G␣ i or with GRK2, which phosphorylated and desensitized the GPCR involved in S1P-induced stress fiber formation (Fig. 5, c-f) , did not abrogate the growth advantage of SphK1 overexpression (Fig. 6, B and C) . Moreover, they did not decrease the cytoprotective effect of SphK1 (Fig. 7) . In agreement, the increase in cell numbers induced by overexpression of SphK1 (1.7-fold) or even after PDGF stimulation (2.5-fold) was also not affected. However, it should be emphasized that RGS3CT, a potent G i and G q subfamily effector antagonist, markedly reduced proliferation induced by exogenous S1P (Fig. 6E) and also suppressed S1P-induced activation of ERK1/2 (Fig. 6E, inset) , in contrast to its inability to regulate the effects induced by intracellular generated S1P (Fig. 6C) .
In many cases, it is the G␤␥ dimers rather than the G␣ subunits that transmit the signals for proliferation and survival (54) . Thus, we examined whether G␤␥ signaling downstream of S1PRs might be involved in the proliferative and survival effects of SphK1. However, a chimeric construct containing the extracellular and transmembrane domains of CD8 and the C-terminal domain of the ␤-adrenergic receptor kinase (CD8-␤ARK), which includes the ␤␥-binding domain and is able to bind free ␤␥ dimers, inhibiting their signaling thereafter (55), did not prevent the proliferative effect of SphK1 (Fig. 6D) . Moreover, although overexpression of CD8-␤ARK by itself somewhat enhanced apoptosis, even in the presence of serum, it did not prevent the apoptosis-sparing effect of SphK1 (Fig. 7) .
Role of S1PRs-Collectively, our data suggest that, in contrast to exogenously added S1P, expression of SphK1 and generation of endogenous S1P stimulate cell proliferation and inhibit apoptosis independent of S1PRs coupled to G proteins. This is a remarkable finding because inside-out signaling by S1P can induce G 12/13 -mediated stress fiber formation important for the regulation of cell motility. We utilized MEFS isolated from S1P 2 /S1P 3 double knockout mice (33) to definitively determine whether S1PRs are the mediators of the growth and survival effects of SphK1. Expression of SphK1 in the double knockout MEFs stimulated BrdUrd incorporation into nascent DNA to a greater extent than in wild-type MEFs (Fig. 8A) . In contrast to wild-type MEFs, which express S1P 1-3 , these MEFs express only S1P 1 (33) , which is coupled solely to G i (20, 56) . Pertussis toxin, which ADP-ribosylates and inactivates G i , did not abrogate the ability of SphK1 to induce cell proliferation in wild-type or null MEFs. Unexpectedly, SphK1 stimulated proliferation even more potently than PDGF in the absence or presence of pertussis toxin (Fig. 8A) . In contrast, exogenous S1P was a less potent mitogen than PDGF in wild-type MEFs, and its effect was markedly reduced in the S1PR-deficient MEFs (Fig. 8B) . In contrast to the strong mitogenic effect of SphK1 in pertussis toxin-treated knockout MEFs (Fig. 8A) , no significant responses were observed with exogenous S1P (Fig.  8B) . These results suggest that S1PRs are dispensable for the mitogenic effect of SphK1, but contribute to that of exogenous S1P.
Survival Effects of SphK1 Are Not Compromised by Lack of S1PRs-There are several reports showing that activation of S1PRs by S1P protects cells from apoptosis (57, 58) , whereas others suggest that suppression of apoptosis is mediated via intracellular actions (21) (22) (23) 59 ). Therefore, examination of the cytoprotective effects of SphK1 and exogenous S1P in the null MEFs should aid in settling this controversy. In agreement with previous studies (28) , serum deprivation induced apoptosis of MEFs in a time-dependent manner. Apoptosis was clearly evident after 48 h, and deletion of S1P 2 and S1P 3 did not have a significant effect. Addition of micromolar concentrations of exogenous S1P, but not nanomolar concentrations (data not shown), suppressed apoptosis in a dose-dependent manner in these MEFs (Fig. 9) . Pertussis toxin slightly reduced the protective effects of serum and high concentrations of S1P. In contrast, pertussis toxin did not decrease the strong cytoprotective effect of SphK1 overexpression in either wild-type or null MEFs (Fig. 9) . Thus, even in the absence of all S1PR signaling, SphK1 still markedly induced growth and survival.
DISCUSSION
How Does Intracellularly Generated S1P Inhibit Cell Movement?-Cell movement is orchestrated by the complex interplay of actin polymerization at the leading edge under the control of members of the Rho family of small GTPases (Rac, Cdc42, and Rho) (14) and the formation of nascent focal adhesion complexes that tether the cell to the extracellular matrix, modulated by tyrosine kinases that reside within these complexes, such as FAK (60) and Src (42, 45, 61) . Stress fiber and focal adhesion formation and especially their dynamic turnover play a crucial role in S1P-directed cell migration (11, 16, 38, 62) . Indeed, SphK1-overexpressing cells had numerous and prominent focal adhesions that localized at the tips or along the length of omnipresent stress fibers and showed a defect in focal adhesion turnover.
Consistent with the increase in focal adhesions, SphK1 also caused tyrosine hyperphosphorylation of cytoskeleton-associated paxillin, Src, and FAK. The latter was phosphorylated at Tyr 577 , important for its activation, and at Tyr 397 , the major autophosphorylation site (42, 43, 64) . Whereas FAK activity is dispensable for PDGF-induced cell chemotaxis, phosphorylation of Tyr 397 seems to be essential, as it is the Src recruitment signal (43) . This association not only results in Src-mediated maximal activation of FAK and enhanced recruitment of other focal adhesion components and signaling proteins (42, 64) , but also in Src-mediated dissociation of FAK from the complex, which is necessary for the proper turnover of focal adhesions (45) . Notably, the delicate dynamics of association and dissociation of Src-FAK complexes following PDGF treatment were dysregulated in SphK1 transfectants. In these cells, continuous interaction between Src and FAK was PDGF-independent. Interestingly, the autophosphorylation site of FAK is required for the inhibitory effects of S1P on cell motility (34) . Formation of S1P by overexpression of SphK1 impairs focal adhesion remodeling and normal coordination of focal adhesion turnover, leading to aberrant cell migration. Furthermore, the constitutive extensive stress fiber formation in SphK1 transfectants is consistent with the observation that Rho stimulates contractile actin-myosin filaments, resulting in the formation of stress fibers and focal adhesions that likely inhibit cell locomotion (65, 66) .
Involvement of G 12/13 Downstream of S1PRs-Here we have shown that inhibition of G␣ 12/13 (but not G␣ i or G␣ q ) signaling or uncoupling of S1PRs from G protein signaling by overexpression of GRK2 completely inhibited stress fiber formation induced by exogenous S1P or SphK1 expression. These results further support the notion of inside-out signaling by S1P, whereby intracellularly generated S1P activates a S1PR (10, 29) coupled to G␣ 12/13 , which in turn leads to activation of Rho and stress fiber formation.
Does S1P Exert Its Action Solely through S1PRs?-Heterotrimeric G proteins couple cell-surface receptors to signals that regulate proliferation and survival, and asynchronous activation of G␣ subunits can lead to oncogenic transformation (52) . Moreover, in some cases, it is the G␤␥ dimers that transmit signals for proliferation via ERK1/2 and promote cell survival by activation of phosphatidylinositol 3-kinase (54) . The preponderance of evidence implicating G protein-coupled S1PRs in the biological activities of S1P has overshadowed its intracellular roles, mainly due to the difficulty of dissociating pathways that originate at the receptor-ligand boundary from those poten- tially originating inside cells. Previously, pertussis toxin was used to implicate a G␣ i -mediated pathway in the proliferative and survival effects induced by exogenous S1P (20, 67, 68) . However, a SphK inhibitor (but not pertussis toxin) inhibits the proliferation and cytoprotective effects induced by SphK1 overexpression (21) . In agreement, we found that inhibiting G␣ i and G␣ q (but not G␣ 12/13 ) drastically reduced proliferation and ERK1/2 activation induced by exogenous S1P. In sharp contrast, blocking signaling of the various G␣ subunits and G␤␥ dimers, the G proteins that S1PRs couple to and signal through, did not influence growth and survival promoted by SphK1 and intracellularly generated S1P. Hence, although the mitogenic effect of exogenous S1P is mediated by ligation of cell-surface receptors, S1P formed by overexpression of SphK1 nonetheless promoted growth and survival independent of its GPCRs. In further support of this conclusion, SphK1 markedly stimulated growth and survival of S1P 2 /S1P 3 double knockout MEFs treated with pertussis toxin, which then have no functional S1PRs. Thus, surprisingly, exogenous and intracellularly generated S1Ps affect cell growth and survival by divergent pathways.
The paramount importance of our results is that, although intracellularly generated S1P can signal inside-out to regulate cytoskeletal rearrangements and cell movement, this is not the case for the regulation of cell growth and suppression of apoptosis, which is independent of S1PRs. Several other lines of evidence further support the notion of such intracellular actions of S1P. First, sphinganine 1-phosphate (dihydro-S1P), which is identical to S1P and lacks only the 4,5-trans-double bond, binds to all of the S1PRs and activates them, yet does not mimic the effects of S1P on cell survival (20, 23, 28, 69) . Second, microinjection of S1P, which elevates intracellular S1P, has been shown to mobilize calcium (18) and to enhance proliferation and survival (20, 23, 70) . Third, SphK1 and conversion of sphingosine to S1P mediate vascular endothelial growth factorinduced activation of Ras and, as a consequence, the ERK pathway and cell division by regulating Ras GTPase-activating protein activity without involving S1PRs (71) . Finally, yeast cells also do not possess GPCRs, yet levels of phosphorylated long chain sphingoid bases regulate environmental stress responses and survival (72) (73) (74) , in a manner reminiscent of the function of S1P in mammalian cells. A yeast strain with deletion of both Lcb4 and Lcb5, the homologs of mammalian SphK, was delayed in entering S phase (74) . As the accumulated sphingoid bases in yeast induce G 0 /G 1 arrest, these data suggest that SphK removes the sphingoid block, allowing progression to S phase (74) . Likewise, overexpression of SphK1 in NIH 3T3 fibroblasts expedites the G 1 /S transition and increases the percentage of cells in S phase (21) . Additionally, PDGF-induced activation of CDK2, a cyclin-dependent kinase that promotes progression through the G 1 /S transition, is blocked by inhibiting SphK (75) . Intriguingly, the time course for CDK2 activation correlates with increased nucleoplasmic SphK activity and translocation to the nuclear envelope (63) . Finally, our study FIG. 8 . S1PRs are dispensable for DNA synthesis induced by SphK1. A, wild-type (WT; white bars) and S1P 2 /S1P 3 double knockout (KO; black bars) MEFs were transiently transfected with GFP vector or GFP-SphK1 and, after 24 h, cultured in serum-free medium containing 2 g/ml transferrin and 20 g/ml BSA without or with 10 ng/ml PDGF in the absence or presence of pertussis toxin (PTX; 100 ng/ml). After 16 h, BrdUrd was added for an additional 3 h. The proportion of cells incorporating BrdUrd among total transfected cells was determined as described in the legend to Fig. 6 . B, shown is the effect of exogenous S1P on proliferation. Wild-type (white bars) and S1P 2 /S1P 3 double knockout (black bars) MEFs were treated with PDGF-BB (10 ng/ml) or S1P (10 M) in the absence or presence of pretreatment with 20 ng/ml pertussis toxin, and DNA synthesis was measured. Data are expressed as -fold stimulation and are means Ϯ S.D. [ 3 H]Thymidine incorporation in unstimulated wild-type and double knockout MEFs was 3500 Ϯ 400 and 4700 Ϯ 500 cpm/well, respectively.
FIG. 9.
The cytoprotective effect of SphK1 is independent of functional S1PRs. Wild-type (WT; white bars) and S1P 2 /S1P 3 double knockout (KO; black bars) MEFs were cultured in serum-free medium for 48 h without or with S1P (5 and 10 M) or 10% serum in the absence or presence of pertussis toxin (PTX; 20 ng/ml), and apoptosis was determined. Where indicated, cells were transiently transfected with GFP vector or GFP-SphK1. Total GFP-expressing cells and GFP-expressing cells displaying condensed nuclei indicative of apoptosis were scored as described in the legend to Fig. 6 . Data are expressed as percent protection compared with untreated cells. 45 Ϯ 5 and 43 Ϯ 2% of untreated serum-starved wild-type and knockout MEFs, respectively, were apoptotic.
suggests an intracellular action of S1P independent of its GPCRs and signaling inside-out, which not only is an important concept in signaling, but also has important clinical implications for SphK inhibitors in cancer (25) and also for prevention of radiation-induced premature ovarian failure and infertility (23, 70) .
